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Informa2on is Physical 
Not “It” but “Bit” 

•  The ability of a device to process informa>on is 
constrained by the laws of physics that govern 
the workings of that device. 

•  Quantum Informa>on Science is the study of 
quantum physics as a resource for informa>on 
processing tasks. 

•  Interdisciplinary at its core and ambi>ous in its 
goals, QIS requires new modes of educa>on and 
research partnerships between universi>es, 
na>onal laboratories, and industry. 



Pillars of QIS 

Foundations of Quantum Physics 
‐  The nature and power of quantum correla>ons for informa>on processing. 

‐  Quantum computa>onal complexity. 
‐  Quantum control and dynamics. 

‐  Open quantum systems, decoherence, and errors. 
‐ Informa>on theore>c understanding of quantum many‐body systems. 

‐ Shor/Grover 
algorithm and 
analogies. 

‐ Simula>ng 
quantum maJer. 

Computation 

‐ Quantum 
generaliza>ons of 

Shannon. 

‐Quantum Key 
Distribu>on. 

Communication 
‐ Quantum limits 
of measurement. 

‐Sensors at the 
quantum limit. 

Metrology 



Key Challenges for QIS 
•  Prepara>on and measurement of individual 
quantum systems. 

•  Coherent control of individual subsystems and 
their interac>ons. 

•  Robustness to errors. 
•  Deeper understanding of the power of 
quantum informa>on processing. 

•  Applica>ons.  Building a Quantum Computer. 

Science and engineering issues intertwined. 



QIS in New Mexico 

•  Engineering QI technologies 
•  Semiconductor & MEMS device 
physics, AMO, integra>on with 
classical electronics. 

•  Collabora>ons across disciplines 
•  Device fab, op>cs, high‐performance 
compu>ng, modeling and theory. 

•  Quantum Ini>a>ve (quantum.lanl.gov) 
•  Mul>disciplinary QI basic research 

•  AMO, decoherence, algorithms, 
communica>on, materials 

•  Applied QI technologies 
•  Quantum Key Distribu>on 

~10 staff, 6 postdocs 

~40 staff, 15 postdocs 

•  QI educa>on and research (Physics & CS): 
•  Founda>ons, control, algorithms, 
metrology, AMO physics 

•  Center for Advanced Studies 
•  Interdisciplinary center for QI: 
Seminars, visitors, summer schools 

•  SQuInT: Southwest Quantum Informa>on 
and Technology: 

•  Network of universi>es, na>onal 
laboratories, industry. 12 year history. 

~5 faculty, ~20 students, 1 postdoc 

New Mexico QIS Alumni Include: 
LANL: Manny Knill, Ray Laflamme, Paul Kwiat 
UNM: Mike Nielsen, Chris Fuchs, Gavin Brennen 
SFI: Seth Lloyd, Dave Bacon 



Quantum Information Science  
and Technology (QIST) 

Physical Qubit: Silicon Double Dot Realistic Design for Logical Qubit 

Integrated Electronics 



10-20 µm  
SiO2 

Metal 2 
(trap electrodes) 
2.4 um Al-½%Cu 

Metal 1 
(ground plane, cross-unders) 

2.4 um Al-½%Cu W Vias 

Designed oxide  
undercut  

Cross-under 

Substrate Si 

Buried SiO2 

R C 

Device thru-hole 
for ion loading and 

optical access 

Top Si 

(L) Optical microscope bird’s-eye view of a Sandia DOE 
array for cascaded optical computing. (R) SEM of the 
100% fill-factor optical interconnect array in fused silica 
(R) fabricated at Sandia. 

Fibers 
•  Ferrule not shown 
•  250 micron spacing 
•  Only 2 fibers shown, 

more can be utilized 

Gray scale lenses 
•  Gray scale increases efficiency, 

decreases scatter 
•  Fabricated in reflective metal or UV 

transparent substrate 

Spacer 
• Defines working distance 
• Silicon 

Trap 

Integration of Diffractive and Micro 
Optics with Ion Trap Chips 

Surface + Thru-hole Ion Trap Chips 
with Integrated RF Filter Components 

Al trap ground plane and electrodes 

5 µm 

These SEM images show the controlled undercut of surface 
trap electrodes.  The dielectric between trap electrode and 
ground is set back by 5 µm from the edge of the electrode.   

1 mm 

3 mm .25 mm 

Calcium 
ovens 

Schematic of 
Sandia ion trap 
chip with vias, 
electrode cross-
overs, and 
capacitors and 
resistors for RF 
filtering. 

Sandia Ion Trap Diagnostics 

Images of crystals of trapped calcium ions 

Sandia Trap and Micro Optics Engineering and Trap Diagnostics 

Sandia is a multiprogram laboratory operated by Sandia Corporation, a 
Lockheed Martin Company, for  the United States Department of Energy’s 

National Nuclear Security Administration  under contract DE-AC04-94AL85000. 

Design for integration of ion trap chip and diffractive optics 



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

Technologies for Manipulating Ions and Atoms 

RF Microtraps 

Investigating applications to: 
- Quantum simulation 
- Quantum computing 

BECs in Time-Averaged Optical Dipole 
Potentials 

Investigating applications to: 
- Interferometry 
- Quantum phase transitions 

Slide 8 

Chiaverini


Boshier




Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

QIS Theory @ LANL 

Slide 9 

sub-Planck Structure:  
Quantum state preparation for metrology 

Quantum capacity is not additive.  Classical capacity is not additive.  

Zurek


Yard


Decoherence and quantum  
to classical transition 

Dynamics of quantum 
phase transitions 

Hastings
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Richard J. Hughes   
Physics Division, LANL 
(505) 667-3876 
hughes@lanl.gov 

Quantum Key Distribution at LANL 
distribution of secret cryptographic keys by quantum communications  

Optical fiber QKD > 1993 
• QKD demonstrated in active 

transparent enterprise & metro-area 
networks 

• record > 140km range demonstrated 
with ultra-strong security  

free-space QKD 

Free-space QKD > 1994 
• LANL invention: a methodology that makes free-space 

& satellite quantum communications possible 
• demonstrated in daylight over outdoor ranges optically 

equivalent to satellite-to-ground 

global secure communications using satellite QKD 

Hughes




. 

Informa2on Physics Group UNM (and UofA) 

sub-Heisenberg-limited metrology: 
Information theoretic limits to precision measurement. 

Quantum control and  
measurement: 
Interface between abstract theory and 
laboratory implementations of quantum 
state preparation, quantum logic, and 
quantum state reconstruction. 

Caves


Deutsch & Jessen


Implementation in nonlinear quantum system 
(e.g. BEC nonlinear Ramsey interferometry) 



Informa2on Physics Group UNM 

Generalized graph state: 
Quantum vs. classical correlations and 
the power of quantum computation.  

Graph Isomorphism: 
Hidden symmetries not efficiently found by a 
quantum computer can lead to unbreakable 
classical cryptosystems. 

Quantum vs. classical correla>ons and the 
power of quantum computa>on.  

Moore


Caves


Landahl


Color codes for quantum 
error correction : 
High threshold with low overhead. 

Quantum vs. classical correla>ons and the 
power of quantum computa>on.  

Landahl


Continuous-time quantum 
computation : 
Universal quantum walk on a 1D ring. 





Southwest Quantum Informa2on & Technology 
(SQuInT) 

Jet Propulsion 
Laboratory 

SQuInT serves QIS Community 
•  Interdisciplinary. 
•  Theory meets experiment. 
•  Student centered. 
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LANL is the home of the QIS Research Roadmap: http//qist.lanl.gov 
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• where would we like QIS to be in the 
future? 

• what will it take to get there ? 

a Research Roadmap: 
apply some gentle direction  
describe state-of-play and likely progress 
identify opportunities and gaps  
an aid to the research community and a 
descriptive tool for program management 

• ver 2.0 quantum computation roadmap 
• released April 2004 

• ver 1.0 quantum cryptography roadmap 
• released June 2004: QKD focus 
• funded by ARDA 2002 - 2005 

LANL is the home of the QIS Research Roadmap: http//qist.lanl.gov 


